Spine is a basic element for maintenance of trunk of body and the physical motion and it has a structure which affords the rigidity as an attitude maintenance mechanism (or a stability) and the mobility as a joint mechanism simultaneously. And the thorax is a structure which affords the stability (rigidity) to protect the internal organs such as a heart and lungs and the mobility which makes the movement of the costal bone for breathing exercise. Therefore the spine-thorax is a compound structure which has stability and mobility, and this fundamental nature is based on mechanics. And its dysfunction is mainly based on the mechanical factors. When the dysfunction happens, a treatment is executed by a mechanical reconstruction. And if it is severe, a surgery is selected for the treatment. This paper develops a method of the mechanical simulation of the reconstructive surgery to help the diagnosis and the treatment.
Introduction
Researches on the mechanical structural model of spine-thorax have started in 1970s. In 1973 two papers of the spine structure analysis by Belytschko and Schultz (1) and Panjabi (2) were published. The difference between two papers is how to express the rotation of the vertebra. Belytschko used Euler angle for the expression of rotation, whereas Panjabi dealt it with an infinitesimal angle which can be expressed as a vector. Panjabi's method is easier for its programming in comparison with Belytschko's. According to Panjabi's method, Tamaki (3) programmed an analytic model called Discrete Model in 1988.
This model expressed the bone as a rigid body, and the soft tissue as a spring. Recently finite element method (FEM) software prepares many kinds of elements which can be used for the modeling of the human skeletal structure. Therefore this paper reconstructs a spine-thorax mechanical model using finite element method software. And using this model the surgery simulation of scoliosis and funnel chest is executed.
Method
Basis of the construction of FEM model of spine-thorax is how to express the skeletal geometrical structure composed of bones and the connective tissues between bones.
(4) (5) The geometrical data of the skeleton are formed based on actual skeletal model and others for the standard model and are formed based on every patient's CT image for individual model. The material characteristics of connective tissues between bones are based on the experimental data shown by literatures. (6) 
The reconstruction of the standard skeleton model
In the developed model, a solid element or a beam element are used for bones, a spring element is for soft tissues. The model was created in ANSYS 7.1 written by APDL (Ansys Parametric Design Language). Node numbers are given corresponding to the characteristic anatomical point, and the model can be easily changed referring to the individual skeletal geometry. And the independent local coordinate system is introduced in each bone to afford the easy revision of the model. The geometrical data of the standard skeletal model are acquired from an actual skeletal model (A Japanese adult male, height: 160cm) and Visible Human (7) . The developed model (8) is shown in Fig.1 . Figure 1 The outline of these models is shown in Table 1 . 
Attachment of the soft tissue to the standard skeletal model
The structure which consists of adjacent two vertebrae and the soft tissues connecting these two vertebrae is called functional spinal unit (FSU). FSU is a fundamental unit to investigate the mechanical characteristics of spine.
The non-linear characteristic of the spring element was adjusted so that the stiffness coefficient of the main motion of FSU approaches the value shown in literature when each loading component such as force and moment of 6 degrees of freedom is applied. (Fig.2 ) (6) The soft tissues used for the model are intervertebral disks (nucleus pulposus and anulus fibrosus), an inferior articular process joint, a capsular ligament, an anterior longitudinal ligament, a posterior longitudinal ligament, a yellow ligaments, an intertransverse ligament, an interspinous ligament and a supraspinous ligament as shown in Fig.3 . These soft tissues were expressed by the non-linear spring element. The difference between the stiffness coefficient of the model and that of the experimental value in literature was 31.7% for thoracic region and 36.5% for lumbar region as shown in Fig.5 . The soft tissues used for the thorax are an articulatio capitis costae, an articulatio costotransversari, a lateral costotransverse ligament, a costotransverse ligament and a superior costotransverse ligament. These soft tissues are also expressed by the non-linear spring element. The difference of stiffness of costovertebral joint between simulation and experimental result was 26.3% in average as shown in Fig.6 . 
Developed individual FEM model of spine-thorax
The shape data of the bone are acquired from each patient's CT by reconstructing three-dimensionally as shown Fig.7 . And the individual FEM model is formed by substituting these data to the standard skeletal model. (9) , (10) Two reconstruction ways for the individual modeling are prepared. One way is to adopt standard bone shapes but their configuration is based on the individual data. The local coordinate system is introduced on each vertebra and this system is changed according to the individual data. The amount of individual data needed for model formation is rather small. (Fig.8 (a) )
The other way is to acquire both of bone shapes and their configuration from the individual data. This way is useful when each bone shape of the individual is greatly different from the standard bone shape. (Fig.8 (b) )
The following softwares are used. Three dimensional reconstruction software of CT data: 3D-DOCTOR (Able Software Corp, Lexington, MA, USA).
CAD software to extract anatomically characteristic shape from reconstructed 3D geometry: Rhinoceros3.0 (Robert NcNeel & Associates, Seattle, WA , USA).
Finite element method software to construct mechanical structural model: Ansys 7.1 (Ansys Inc., Canonsburg, PA, USA). (10) A scoliosis surgery corrects the lateral curvature of the spine. By this operation an apparent deformation of back surface is restored and the cardiopulmonary function is recovered.
Result and discussion

Surgery simulation of scoliosis
The main stream of the surgery is to fix the spine in a restored configuration using the metal devices since Harrington proposed the procedure of the surgery in 1947. The used devices are a distraction rod attached between two ends of scoliotic vertebrae and wires attached between the distraction rod and vertebrae located in the scoliotic spinal region. Rod and wire were expressed by actuator elements in the simulation. The example is shown in Fig.9 . An element load is given to an actuator element corresponding to actually loaded value in the surgery. The element load of 250N on a rod and that of 80N on each wire were applied.
Five examples of scoliosis surgery simulations were done, and it was compared with the surgical result by the Cobb angle. Cobb angle is defined as the inclination angle between the upper end vertebra which slopes most and lower end vertebra which slope most in the frontal X-rays film of a spine. Therefore, the degree of severity of the scoliosis is indicated as the value of Cobb angle. (Fig.10 ) Average difference between surgical result and simulation for the 5 cases was 11.3° (SD: 6.9°). (Fig.11) Although the desirable precision to predict the surgical result before surgery is 5° in Cobb angle, the proposed simulation is helpful for the overall understanding of the outcome of the surgery.
The material characteristics of the soft tissue used in this model is based on the standard value taking into account of age and sex of the subjects but more detailed individual material characteristics are not taken into account. Therefore, it is supposed that the There is a method called "Stress X-ray" to identify the overall material characteristics of the soft tissue of each subject. It is as follows. A subject is laid in the dorsal position, and bands are set to his or her jaw and pelvis. The band of the jaw is fixed to the bed, and the band of the pelvis is loaded to elongate his or her trunk. X-ray photographs are taken before and after the loading, and the value of the elongation of the trunk is calculated by comparing the two photographs. Its simulation is executed by the present FEM model and the material characteristics of the subject in the model are corrected so that the measured value by X-ray corresponds to the result by the simulation.
The present paper did not apply this method but the present authors reported the validity of this method. (3) Therefore this method will be adopted for the more precise modeling. The precision level necessary for the modeling of surgical result is 5 degrees in Cobb angle. And the present average error of the modeling is 11.3 degrees (SD 6.9) in Cobb angle. If the method of Stress X-ray is adopted, the error of the simulated result will fall within the necessary precision level. The result of Cobb angle after the surgery was improved, but there is a tendency that the center line of the spine leaned laterally after the surgery in the simulation. Therefore the relation between the inclination angle of the spine center line and the curve type of scoliosis (single curve or double curve) were investigated. The average inclination angle of the spine center line was 17.7° in case of a single curve and 3.0° in case of double curve. (Fig.12) It is expected that this phenomena will be taken into account when a surgery is held. (10) A funnel chest (11) is a disease that the boundary between the center of frontal chest and the abdomen has a concavity in funnel-shaped. It happens to about one person per 1000 people and its rate is higher in male than in female. The cause of this disease is supposed to be abnormal deformation of costal cartilage resulting to concavity of the breast. (Fig.13 ) The Nuss method (Fig.14) (11) is one of the treatments of this disease. A bar made of the metal is put behind the sinking sternum and it is pushed out from back to front for the correction. The shape data of the costal bone and the sternum were acquired under the software Rhinoceros. A line is drawn on the surface of the bone in the three-dimensional reconstructive figure of the CT image of the funnel chest patient on the PC screen. A vertebra, a costal bone, a sternum, costal cartilage and a surgery device were expressed by a beam element, and the intercostal muscle was by a spring element. In an actual surgery a device is put inside of the thorax and the sternum is pushed out. But in the simulation, the device is arranged outside of the thorax for easy understanding of the procedure which is mechanically equivalent to the surgery.
Surgery simulation of funnel chest
A loading to the sternum by the device was expressed by an actuator element. An actuator element was arranged between a point on the sternum where the device is installed and a center point of length of the device. The force exerted by a device under surgery was supposed as 300N, which is the element load of the device. (Fig.15 ) Figure 16 shows the accuracy of the present simulation applied to a patient who got the surgery. In Fig.16 (b) line of sternum and lines connecting left and right junction points of the sternum and every costal cartilage from the second to the sixth costal bone. Therefore S2 corresponds to the second costal bone, S3 to the third one and so on. The error of the displacements of these points is 1.2 mm (SD 0.7 mm) in average as shown in Fig.16(c) . The result by the simulation is available to explain to a patient the surgical result before surgery for the better understanding. The precision necessary for the simulation is 5mm in the movement or displacement of representative points on the sternum. Therefore the present error, 1.2 mm (SD 0.7 mm) is fully satisfactory. And the recent trend to care about the "Informed Consent" to the patient will give the present method an important role to predict the surgical result before surgery. Surgical simulation was done on 3 cases. The frontal displacement of a point on the sternum where a device was installed showed 24.5mm (SD 6.9mm) in average. (Fig.17) Larger stress was observed on the vertebra whose corresponding costal bone bears the load transferred through the installed device than on the other part of vertebrae. There are some patients who complain about the pain on the back after the surgery. This high stress on the corresponding vertebra is supposed to be the cause of the back pain. (Fig. 18) The result of the present study is useful in predicting post-operative shapes of the thoraxes. In the Nuss procedure, each anatomical component of the thorax such as ribs, sternum, and costal cartilages are comprehensively pushed forward by a single correction bar. Therefore, some of the components can present unnatural deformation after the operation. Figure 19 demonstrates an example of this situation. Although the concavity of the sternum shown in Fig.19 (a) is optimally corrected after surgery shown in Fig.19 (b) , the lower part of the costal cartilage demonstrated by the red arrow presents an unnatural protrusion, which impairs the patient's satisfaction. In this case, the correction bar was placed at the 5-th intercostals space. But if the bar had been placed at a higher position using the outcome prediction by the simulation, the unnatural appearance of the lower part of the thorax might have been prevented. Therefore the simulation technique is important to get the better surgical outcome and the present simulation method is useful for the prediction. 
Conclusion
The mechanical structural model of spine-thorax was built using the software of finite element method and the surgery simulation of the scoliosis and the funnel chest was done.
This model was applied to the surgery simulation of five examples of scoliosis and three examples of funnel chest, and the result of simulation was compared with the result of a surgery, and it was investigated whether this model can be available for further simulation.
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